Background. -Vascular complications (VCs) after transcatheter aortic valve implantation (TAVI) are frequent and their management is challenging. Aim. -To report the incidence, predictors and management of VCs following percutaneous transfemoral TAVI (TF-TAVI) at a single centre. Methods. -We analyzed 102 consecutive patients who underwent percutaneous TF-TAVI between August 2008 and December 2013. All endpoints were evaluated at 30 days and 6 months according to Valve Academic Research Consortium-2 criteria. VC percutaneous treatment success was defined as residual stenosis < 30%, absence of blood extravasation and absence of surgical or repeat endovascular intervention at 30 days. Results. -Twenty-two patients (22%) experienced VCs, including five patients (5%) with major VCs. Mortality at 30 days was significantly higher in patients with major VCs than in patients 492 N. Perrin et al.
Background
As the population is aging, physicians are increasingly confronted by patients with multiple morbidities and very elderly patients with symptomatic aortic valve stenosis (AS) who are not eligible or are at high risk for surgical aortic valve replacement. According to data from randomized trials, transcatheter aortic valve implantation (TAVI) has become the new standard of care for inoperable patients and is a valid (if not superior) option for high-risk patients [1] [2] [3] . During the last decade, the reduction in diameter of the delivery systems, in conjunction with better preoperative vascular screening and increasing operator experience have led to a reduction in vascular complications (VCs). However, VCs remain the most frequent adverse events associated with transfemoral TAVI (TF-TAVI) procedures [4] . In the early days of TAVI use, such complications were mainly managed surgically under general anaesthesia. With growing TAVI experience, endovascular treatment of VC has been increasingly adopted. In this report, we describe a single-centre experience of the incidence, predictors, management and outcomes of VCs at 30 days and 6 months in patients undergoing percutaneous TF-TAVI.
Methods

Patient population
Between August 2008 (the beginning of the TAVI programme at our institution) and December 2013, 102 consecutive patients underwent purely percutaneous TF-TAVI for symptomatic, severe AS, severe aortic regurgitation (one patient) or degenerated bioprosthesis (one patient). All procedures were performed by two operators (S. N., M. R.) using the self-expanding CoreValve ® device (Medtronic Inc., Minneapolis, MN, USA), which requires an 18-French introducer sheath for the four different available sizes (23, 26, 29 and 31) . TF-TAVI accounted for 92% of the TAVI volume during this period of time. As four patients underwent planned, surgical, femoral cut-down because of significant vascular calcification, purely percutaneous TF-TAVI corresponded to 89% of our TAVI experience. Patients were selected for TF-TAVI by a local heart team, involving cardiac surgeons, interventional cardiologists, cardiovascular anaesthesiologists and intensive care specialists. Risk scores, such as the logistic EuroSCORE and the Society of Thoracic Surgeons' (STS) score, were calculated as part of the evaluation. Initially, frailty was assessed using the ''eye ball test'', but from 2012 onwards a standardized assessment was performed using the gait-speed test, grip strength assessment, serum albumin concentration and evaluation of recent weight loss, falls and mobility impairment (due to severe musculoskeletal or neurological disorders). All patients gave written informed consent to the TAVI procedure and the use of related data for research and publication.
Preoperative evaluation
All patients underwent a complete assessment of medical history, a physical examination, transthoracic echocardiography and baseline biological screening to assess blood count, coagulation, electrolyte and brain natriuretic peptide concentrations, as well as kidney and liver function. Aortic annulus and root dimensions were systematically assessed using multislice computed tomography (MSCT) or three-dimensional transoesophageal echocardiography versus magnetic resonance imaging for patients with a creatinine clearance < 40 mol/L. An abdominal aortography (including iliofemoral vessels) and selective femoral angiographies were routinely performed at the time of the coronary angiogram and right heart catheterization, to assess the iliofemoral axis. The minimal vessel diameter (at least 6 mm), tortuosity and calcification were specifically evaluated. An additional vascular assessment with MSCT (extension of the cardiac MSCT down to the femoral bifurcation) was performed for the first time in December 2010 and routinely since January 2012.
Procedure
At the beginning of the TAVI intervention, the femoral angiography performed during screening was routinely reviewed to visualize the relation between the femoral head, the inferior epigastric artery and the femoral bifurcation. Once vascular access was obtained, femoral angiography was performed to document correct positioning. The self-expandable Medtronic CoreValve System was introduced through an 18-French introducer sheath (in the majority of cases Cook Medical, Bloomington, Indiana, USA) or a 19-French balloon expandable SoloPath ® sheath (Onset Medical, a subdivision of Terumo Medical Corporation, Irvine, CA, USA). The cutoff limit to use the introducer sheath was a 6-mm iliofemoral diameter. The procedure steps have been described in detail [5] . Preclosure was performed in all patients using the Prostar ® XL 10 suture-based vascular closure device (Abbott Vascular, Reedwood City, CA, USA). At the end of the procedure, final crossover angiography of the main vascular access was systematically performed from the contralateral femoral puncture site to verify arteriotomy closure success as well as iliofemoral vessel integrity. The antithrombotic regimen during the procedure consisted of aspirin and a standard dose of unfractionated heparin (5000 U), with activated clotting time checks when the procedure was longer than expected. Initially a loading dose of clopidogrel was administered the night before the procedure, but since 2012 clopidogrel has been given immediately after the procedure and for 3 months --when no vitamin K antagonist is required --followed by aspirin or clopidogrel monotherapy indefinitely.
Management of vascular complications
Dissections detected during the final angiography were treated by balloon angioplasty and, in cases of a suboptimal angioplasty result, self-expanding uncovered nitinol stents were implanted (S.M.A.R.T. ® [Cordis Corporation, Hialeah, FL USA] and Misago ® [Terumo Corporation, Tokyo, Japan]). Incomplete arteriotomy closure or iliofemoral leakages were managed first, depending on the severity of the findings, with prolonged manual compression, balloon occlusion of the iliac axis using the contralateral access, reversal of unfractionated heparin with protamine administration or a combination of these manoeuvres. Covered stents were implanted in cases of persistent vascular leakage (other than trace) despite prolonged manual compression. Femoral pseudoaneurysm resistant to manual or echocardiography guided compression were treated, depending on their location, with thrombin injection, covered stent implantation or surgery. The covered stents used were either self-expanding elgiloy stents covered with a layer of polyethylene terephthalate (WALLGRAFT ® ; Boston Scientific, Natick, MA, USA) or self-expanding nitinol stents covered with polytetrafluoroethylene (Fluency ® ; Bard Peripheral Vascular, Phoenix, AZ, USA). VC percutaneous treatment success was defined as residual stenosis < 30%, absence of blood extravasation at final angiography and absence of surgical or repeat endovascular intervention at 30 days. Endovascular treatment of VCs was performed by two interventional cardiologists (M. R., S. N.), one of whom (M. R.) is trained in peripheral vascular treatment and performs more than 100 peripheral vascular interventions per year.
Study endpoints
All endpoints were evaluated at 30 days and 6 months following TAVI according to the Valve Academic Research Consortium-2 (VARC-2) criteria [6] . VCs were stratified as major whenever a vascular injury led to death, lifethreatening or major bleeding, visceral ischaemia or neurological impairment. Minor VCs were defined as vascular injury not leading to adverse events defining a major VC. A bleeding event was considered as life-threatening if it occurred in vital organs (i.e. intracranial, intraspinal, intraocular or pericardial), provoked haemorrhagic shock or needed at least 4 units of packed red blood cells, or whenever a > 5 g/dL drop in haemoglobin was reported. Bleeding was considered as major when overt bleeding was either associated with a > 3 g/dL drop in haemoglobin or required at least 2 units of packed red blood cells. The study primary outcome measure was the occurrence of any VC. The secondary outcome measure included 30-day incidence of life-threatening or major bleeding and 30-day as well as 6-month overall and cardiovascular mortality. An expert interventional cardiologist performed endpoint adjudication.
Data collection
Baseline characteristics, periprocedural data and adverse events during the index hospital stay, and at 30-day and 6month clinical follow-up were routinely collected as part of our local prospective registry approved by the local ethics committee. Procedure angiographic images and iliofemoral MSCT, when available, were analyzed retrospectively with respect to iliofemoral calcification, atherosclerosis, tortuosity and femoral bifurcation location. A femoral artery calcification score using angiographic images just before contrast injection was adapted from the coronary artery calcification score first described by Yamanaka et al., allowing for a semiquantitative and reproducible assessment of iliofemoral vessel calcification [7] . Briefly, it is defined as follows: 0 = no calcification; 1 = spotty wall calcification; 2 = unilateral linear calcification; 3 = unilateral linear calcification with spotty wall calcification on the opposite wall; 4 = bilateral linear calcification. The distance between the puncture site and the inferior epigastric artery as well as the femoral bifurcation was systematically measured on the final fluoroscopic acquisition using the most contrast-filled image. We used the slight Prostar-induced vessel stenosis to identify exact location of the puncture site. Finally, to assess the effect of the learning curve on incidence of VCs, the cohort was arbitrarily separated in two halves (51 patients in each group) before executing the statistical analysis.
Statistical analysis
The distribution of continuous variables was assessed using the Shapiro-Wilks test. Normally distributed variables are presented as means ± standard deviations and non-normally distributed variables as medians [interquartile ranges]. Differences were compared using Student's t-test or the Wilcoxon rank-sum test, as appropriate. Categorical data are expressed as numbers and frequencies (%), and were compared with Fisher's exact test or Pearson's 2 test. Multivariable logistic regression was used to identify independent predictors of VCs. Variables with a P-value < 0.1 were entered in the regression model, and variables known to be associated with an increased risk of VCs (sex and vascular calcification) were included a priori into the analysis. All statistical analyses were performed using Stata SE (Stata Corp, College Station, TX, USA; 2011).
Results
Patient population
The baseline characteristics and echocardiographic variables of the 102 consecutive patients with percutaneous TF-TAVI interventions performed at our centre are presented in Table 1 . Table 2 compares the baseline characteristics of the patients with and without VCs; no significant differences between the two groups in terms of risk factors, medical history or preprocedure echocardiographic characteristics were found.
Vascular complications
Twenty-two patients (22%) experienced VCs. Major VCs accounted for 23% of the VCs and involved five patients (5% of the cohort), whereas minor VCs were found in 17 patients (77% of the VCs; 17% of the cohort). Among the major VCs, two did not involve the iliofemoral axis. The first was a rupture at the level of the aortoventricular junction, related to balloon aortic valvuloplasty, which led to procedural death. No conversion to surgery was attempted, according to the patient's will. The second was a mesenteric ischaemia, clinically suspected 24 hours postprocedure, most probably due to distal embolisms caused by CoreValve embolization and recapture through the 18-French sheath. After multidisciplinary discussion, no surgery was attempted --given the patient's comorbidities --and she died at day 7.
The three remaining major VCs were located at the level of the iliofemoral axis or inferior limb. One of these patients, on aspirin 100 mg and intravenous heparin therapy while being switched to vitamin K antagonist treatment for a mechanical mitral valve prosthesis, presented with a large inguinal haematoma causing transient crural nerve paresis, but without obvious VC. She received symptomatic treatment and anticoagulation was temporarily suspended. Minor VCs were mainly vascular dissections (59%) and pseudoaneurysms (29%). The types of VCs and their management are summarized in Table 3 and Table 4 . Endovascular treatment was used in 13 of 22 patients with VCs (59%) and was successful in 11 of these 13 patients (85%). With the exception of one arterial dissection treated by balloon angioplasty alone, the remaining 12 cases benefited from stent implantations for ipsilateral flow-limiting arterial dissections (n = 11) or pseudoaneurysm (n = 1). The first failed case occurred in a major VC early in our experience (patient 27). The patient developed massive bleeding shortly after the procedure while she was in the intensive care unit; there was a delay in diagnosis in the context of obesity (body mass index > 30 kg/m 2 ). The patient was taken back to the catheterization laboratory and two selfexpandable covered stents for a common femoral artery perforation were implanted. Bleeding persisted and the patient died, despite surgical revision in the operating room. In the second case (patient 50), the patient had a major VC with one external iliac and one common femoral noncovered stent placed for an acute vessel occlusion occurring at the end of the TAVI procedure, and required subsequent percutaneous intervention for acute iliofemoral stent 
Procedural characteristics and outcomes
Procedural characteristics are reported in Table 5 . Patients with VCs had a significantly higher quantity of contrast media injected than patients without VCs (235.5 [135.5-335.5] mL vs 200.0 [125.0-275.0] mL; P = 0.02), but there were no differences in terms of fluoroscopy time or valve size used. The calcium score was similar in patients with and without VCs (P = 0.53). All femoral arteries were punctured between the inferior epigastric artery and the femoral bifurcation.
All-cause mortality at 30 days was 6% (n = 6). Three of the deaths occurred among the five patients with major VCs (patients 27, 32 and 107). Mortality at 30 days was significantly higher in patients with major VCs than in patients without major VCs (60% vs 3%; P = 0.001), while minor VCs did not increase 30-day all-cause mortality (6% vs 6%; P = 1.0). Patients with VCs had a higher incidence of life-threatening or major bleeding than patients without VCs (23% vs 5%; P = 0.02), but no difference was reported in terms of need for packed red blood cell transfusion. Length of hospital stay was similar for patients with VCs (9 [2-16] days) and without VCs (9 [3-15] days).
All-cause mortality at 6 months was 13% (n = 13), four deaths (31%) being of non-cardiovascular origin. All-cause mortality at 6 months was still significantly higher in patients with major VCs than in those without major VCs (80% vs 9%; P = 0.001), while minor VCs did not increase the 6-month all-cause mortality rate (6% vs 14%; P = 0.7).
Predictors of vascular complications
Using logistic regression analysis, no independent predictors of VCs were found (Table 6 ). However, even if a learning curve could not be demonstrated as an independent predictor of VCs, a trend toward reduced VC rates among cases in the second half of the cohort should be acknowledged (68% of VC for the initial half versus 32% for the second half; odds ratio 0.37, 95% confidence interval [CI] 0.13-1.03; P = 0.06).
Discussion
In our single-centre experience with fully percutaneous TF-TAVI using the Medtronic CoreValve system, VCs following TAVI are the most frequent adverse events (22%), even before the need for permanent pacemaker implantation (20%). According to the VARC-2 criteria, minor VCs were found in 17% of the cohort and major VCs were found in 5%. Several other studies using VARC or VARC-2 criteria have reported major VC rates varying from 4.3% to 20.5% [4, [8] [9] [10] [11] [12] [13] [14] [15] [16] .
The initial VARC criteria were revisited in 2012 to make them more suited to the needs of clinical trials. When focusing on VCs, the major changes in VARC-2 were to classify VCs treated by unplanned endovascular stenting or surgical repair as minor VCs --instead of major VCs --if the vascular injury did not lead to death, life-threatening or major bleeding, visceral ischaemia or neurological impairment. As a direct consequence, we would expect a reduction in major VC rates in most studies. In our experience, major VCs according to VARC occurred in 18% of the cohort instead of 5% when using VARC-2, and the association between VARC major VCs and mortality at 30 days was already present, but weaker (22% for patients with VARC major VCs versus 2% for patients without VARC major VCs; P = 0.008). Indeed, only one patient of the 13 who were reclassified as having VARC-2 minor VCs rather than VARC major VCs died at 26 days from a non-vascular, non-valve-related cause. Furthermore, when considering only the 13 patients with VARC major VCs who were reclassified as having VARC-2 minor VCs, 30-day mortality was not significantly higher than in patients without VARC major VCs (8% vs 6%; P = 0.6).
Reporting major and minor VCs separately is of critical importance, as only major VCs were associated with [4] . Our results are in line with this previous report, as we found a significantly higher mortality rate in patients with major VCs. Finally, we encourage the use of the VARC-2 criteria, which allow a more meaningful distinction to be made between major and minor VCs, and a stronger association between major VCs and mortality. The traditional treatment for VCs following TAVI was surgical reconstruction, with a success rate approaching 100%. However, it was associated with an incidence of postoperative morbidity of up to 25% [17] . With proper training, interventionalists may be able to treat the majority of VCs percutaneously. A percutaneous strategy has several advantages, including the lack of general anaesthesia, more rapid mobilization and decreased in-hospital complications, such as wound infections [18, 19] . In a study of 149 patients with a VC rate of 18%, Stortecky et al. showed a similar clinical outcome in patients undergoing percutaneous management and patients without VCs [20] . In our experience, up to 85% of attempted cases were successfully treated by a percutaneous approach, and none of the surviving patients was symptomatic at 30 days and 6 months. Despite encouraging results, stent implantation at the level of the common femoral and distal external iliac arteries should, however, be considered as a bailout procedure. Indeed, stents at the inguinal fold undergo important external compressive forces and may be prone to fracture. However, the incidence of stent fracture among femoral and popliteal treated lesions reported in literature varies significantly from 2% to 65%, and most patients with stent fracture remain asymptomatic [21] [22] [23] . Indeed, in today's TAVI population, which involves frail and elderly patients, external compression may be a lesser issue than in younger and more active patients. Finally, the use of covered stents might impair femoral access for future percutaneous interventions, but, again, this is not a major concern in the present TAVI population.
As TAVI procedures are increasingly performed, prevention of VCs has become an important matter of concern. In this context, important femoral calcification, female sex, centre experience and a sheath to femoral artery ratio > 1.05 have been identified as independent predictors of VCs by multivariable logistic regression analysis [4, 11, [24] [25] [26] [27] . A femoral puncture above the inferior epigastric artery or below the femoral bifurcation has also been associated with an increased risk of VCs and retroperitoneal bleeding, as vascular compression at these levels lacks sufficient support [28] [29] [30] . In the present study, all puncture sites were meticulously assessed using crossover fluoroscopy and all patients were therefore punctured between the inferior epigastric artery and the femoral bifurcation. No independent predictors of VCs were found in our cohort (Table 6 ). However, we can show a trend towards a learning-curve effect on the occurrence of VCs. This reduction in VC rate over time can be explained by increased operator experience, but also by improved screening strategies for selecting patients with favourable anatomy before performing TF-TAVI. In this context, preprocedural imaging plays a major role in adequate iliofemoral axis assessment. In addition to conventional angiography, routinely performed since the beginning of our experience, iliofemoral MSCT has recently become the new standard, as it allows three-dimensional evaluation of vascular tortuosity and calcification. Moreover, assessing iliofemoral vessel diameter on angiography alone may overestimate vessel diameter [31] . Therefore, MSCT should be considered as a key element in patient screening. To overcome sheath insertion difficulties in patients with mild stenosis or calcification of the iliofemoral vessels or with small diameters, the use of a balloon-expandable sheath (SoloPath, Onset Medical, a subdivision of Terumo Medical Corporation, Irvine, CA, USA) can be an attractive alternative to minimize the risk of VC occurrence [32] . In our series, we used this new technology in seven patients in the context of calcification or borderline vessel diameter, and we did not experience any VCs.
Study limitations
The current study has several limitations. First, it reports a single-centre TAVI experience with a limited number of patients and a reduced power for statistical analysis. Secondly, the current data analyses are retrospective, although derived from a prospectively collected database. Finally, the access strategy was mostly based on angiographic assessment and clinical judgement, as iliofemoral axis assessment with MSCT was only performed in a minority of patients (n = 36).
Conclusions
In conclusion, despite significant efforts devoted to improving clinical outcomes, VCs following fully percutaneous TF-TAVI remain frequent. Major but not minor VCs are associated with increased mortality. Percutaneous management of VCs is feasible and safe, and surgery is rarely needed.
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